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Figure 2. Representative right ventricular biopsy specimens of mild or moderate fibrosis and the ECG and SAECG parameters.
Representative biopsy specimens of mild (6.8%) fibrosis from a 34-year-old male hypertrophic cardiomyopathy (HCM) patient with
left ventricular ejection fraction (LVEF)=68% (A) and moderate (16.6%) fibrosis from a 51-year-old male HCM patient with
LVEF=51% (B). Their ECG and SAECG (Lower panels) show significant LV hypertrophy with inverted T-waves in both cases, but
a longer filtered QRS duration and positive late potential detected by SAECG and fragmented QRS in the patient with moderate
fibrosis compared with the patient with mild fibrosis. SAECG, signal-averaged ECG.
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Figure 3. Lethal arrhythmic events and degree of tissue fibrosis or left ventricular ejection fraction (LVEF). Kaplan-Meier unad-
justed estimates of freedom from lethal arrhythmic events or sudden cardiac death according to the degree of fibrotic change (A)
or LVEF (B) in 185 patients with hypertrophic cardiomyopathy.
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Table 2. Tissue Fibrosis and Lethal Ventricular Arrhythmias in Patients With HCM : : : :
e R P value B
Mild (n=58)  Moderate (n=78) Severe (n=49)
ICD or CRT-D, n (%) 8 (15) 19 (24) 19 (39)* 0.008 vs. mild*
Prior sustained VT/VF, n (%) 5(9) 9(12) 12 (24) NS
Sustained VT, n 4 6 8
Spontaneous VF, n 1 3 4
Subsequent VT/VF or SCD, n (%) 5(9) 10 (13) 16 (33)*t 0.006 vs. mild*
0.02 vs. moderatet
Sustained VT without ICD, n 0 3 5
Spontaneous VF without ICD, n 1 5 1
SCD without ICD, n 2 1 0
Appropriate ICD discharge, n 2 1 10
Total VT/VF or SCD, n (%) 8 (14) 18 (23) 20 (41) 0.003 vs. mild*

*Statistically significant difference between mild and severe. tStatistically significant difference between moderate
and severe. Abbreviations as in Table 1.

Table 3. Univariate and Multivariate Analysis for Lethal Arrhythmic Events in Patients With HCM (n=31/185)

o L R T Umvanateanalysns Bt analysis DA,
HR 95% ClI P value HR 95% ClI P value

Age (/year) - 0.97 0.95-1.00 0.05

Male sex 1.56 0.74-3.58 0.24

Tissue fibrosis (/10%) 2.57 1.56-4.39 0.0002 1.65 1.18-2.28 0.003

Cell diameter (/um) 1.07 1.00-1.14 0.04 0.99 0.90-1.07 0.82

Disarray (/1 grade) 1.05 0.79-1.38 0.75

Max. wall thickness (/mm) 0.98 0.92-1.04 0.53

Asymmetric hypertrophy 0.85 0.37-1.91 0.70

LGE %LV mass (4 SD) (/%) 1.04 1.00-1.10 0.06

LVEF (/10%) 0.67 0.54-0.82  <0.0001 0.64 0.48-0.84 0.001

PCWP (/mmHg) 1.04 0.99-1.09 0.12

LAS40 (/5ms) 1.14 1.07-1.20 0.0002

fQRS (/10ms) 1.15 1.04-1.25 0.008

RMS voltage (/uV) 0.99 0.97-1.00 0.002

Positive LP by SAECG 5.11 2.29-11.5 0.0001 3.14 1.06-8.61 0.04

QRS duration (/10ms) 1.16 1.06-1.25 0.001 0.94 0.82—1.06 0.32

QTc interval (/10 ms) 0.76 0.95-1.06 0.76

Cl, confidence interval; HR, hazard ratio; LGE, late gadolinium enhancement by CMR. Other abbreviations as in

Table 1.

sis was significantly associated with subsequent lethal ven-
tricular arrhythmias. During the 5134 year follow-up period, 31
patients had lethal arrhythmic events (15 cases of sustained
VT or VF, 3 of SCD, and 13 of appropriate ICD discharge).
These events occurred in 5 of 58 (9%) patients with mild fibro-
sis, in 10 of 78 (13%) patients with moderate fibrosis, and in
16 of 49 (33%) patients with severe fibrosis (HR: 5.43, 95%
confidence interval (CI): 2.12-16.6; P=0.0003; severe vs. mild).
The total number of patients with lethal arrthythmic events,
including prior and subsequent VT/VF or SCD, was larger in
the group of patients with severe fibrosis (n=20, 41%) com-
pared with mild (n=8, 14%) or moderate (n=18, 23%) fibrosis
(P=0.003, severe vs. mild) (Table 2). On the other hand, as
shown in Figure 3B, patients with lower LVEF (<50%) had a
higher risk of lethal arrthythmic events than those with pre-
served LVEF (P<0.0001).

CMR-LGE Analysis
Of the 185 clinically diagnosed and pathologically confirmed

HCM patients, CMR was performed in 60 to show fibrotic
change by LGE analysis. The LV mass of LGE (LGE %LV .
mass index) was calculated as the region exhibiting a signal
intensity >4 SD. The averaged LGE %LV mass was 31+18%
(range 2-68%). There was no correlation between tissue fibrosis
from biopsy and LGE %LV mass by CMR-LGE (Figure S3A).
Only in the severe fibrosis group was a significant correlation
(P<0.05) observed between tissue fibrosis and the LGE %LV
mass from CMR-LGE (Figure S3B).

Univariate and Multivariate Analyses

As shown in Table 3, univariate analysis revealed that a grad-
ual increase of tissue fibrosis as well as cell diameter, LVEF,
LAS40, fQRS, RMS voltage (ie, positive LP) by SAECG, and
QRS duration on the 12-lead ECG were associated with sub-
sequent lethal arrhythmic events, including VT/VF, ICD
appropriate discharge, and SCD in HCM patients. Further-
more, multivariate analysis revealed that patients with a higher
level of tissue fibrosis (HR: 1.65, 95% CI: 1.19-2.28; P=0.003
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and cumulative score by tissue fibro-
sis and left ventricular ejection frac-
tion (LVEF). Kaplan-Meier unadjusted
estimates of freedom from lethal ven-
tricular arrhythmias or sudden cardiac
death according to the cumulative
risk score from tissue fibrosis (mild=0,
moderate=1, severe=2) and LVEF
(>50=0, <50=1) in 185 patients with
hypertrophic cardiomyopathy.

per 10% increase), lower LVEF (HR: 0.64, 95% CI: 0.48-0.84;
P=0.001 per 10% increase), and positive SAECG (HR: 3.14,
95% CI: 1.06-8.61; P=0.04) were prognosnc in predicting
future lethal arrhythmias.

Risk Stratification

Positive LP was only found in 24% of patients with a SAECG
recording (Table 1), so LP had a higher specificity but a lower
sensitivity for composite cardiac events in this study. To assess
the predictive value of classification schemes that estimate
lethal arrhythmic events in patients with HCM, we defined the
combined risk score (0-3) formed by the sum of each indepen-
dent risk factor: the degree of tissue fibrosis (mild=0, moder-
ate=1, and severe=2) and LVEF (>50%=0, <50%=1). Patients
with higher scores tended to have a greater risk of lethal
arthythmic events (Figure 4).

Discussion

New Findings

To the best of our knowledge, this is the first study to demon-
strate the prognostic value of fibrotic change in tissue samples
by biopsy quantitatively examined in a significant number of
HCM patients. The severity of fibrosis in myocardial biopsy,
a positive LP on SAECG, and lower LVEF were associated
with a greater risk of lethal arthythmic events in HCM patients.
These findings provide novel insight into lethal ventricular
arrhythmias and a new approach to estimating the prognosis
of HCM patients.

Clinical Significance of Fibrosis in HCM

Numerous postmortem studies have demonstrated that myo-
cardial fibrosis (interstitial or replacement) in HCM patients is
distinct from that observed in patients with coronary artery dis-
ease or dilated cardiomyopathy 1617 A key mechanism involved
in adverse outcomes in HCM is believed to be myocardial
fibrosis, which is a pathological hallmark of the condition,!®
and can be identified by biopsy.1®?0 Recent studies of HCM
patients suggest that the extent of fibrosis as measured by CMR
correlates with histologically proven myocardial scarring!! and
is associated with worse prognosis,!® including arrhythmic
events.5%21 However, in this study, fibrotic change (LGE %LV
mass) by CMR-LGE did not reach statistical significance for
the prediction of lethal arrhythmic events (HR=1.04, 95% CIL:
~ 1.00-1.10, P=0.06) (Table 3). To the best of our knowledge,

only a few reports have compared CMR and histopathology
with a focus on fibrosis; 11222 segments containing >15% col-
lagen were more likely to show LGE. However, the LGE tech-
nique cannot be used to visualize diffuse fibrosis® and it should
be noted that the averaged fibrosis in this study was 15.719.8%,
which may be difficult to detect by CMR-LGE. No significant
relationship was observed between LGE %LV mass by CMR-
LGE and tissue fibrosis in myocardial biopsy, especially in cases
of mild or moderate fibrotic HCM (Figure S3B).

In this study, the severity of fibrosis, a positive LP, and lower
LVEF were significantly associated with prognosis, especially
for subsequent lethal arthythmic events (Table 3, Figure 3).
However, disarray was not correlated to the prognosis of patients
aged between 20 and 75 (male) or 80 (female) years. These
findings are consistent with a previous study that found that
the prevalence of disarray was high in HCM patients who died
suddenly before 21 years of age.?? Thus, myocardial disarray
may play an important role in the prognosis of younger HCM
patients.

Promotion of Conduction Abnormality and VT/VF
by Myocardial Fibrosis
Fibrous tissue promotes re-entrant ventricular arrhythmias and
contributes to increased ventricular stiffness. In a coculture
model, increased myofibroblast/myocyte area decreased con-
duction velocity and degenerated a spiral re-entry into multi-
ple waves, like a VF.>* Thus, increased myocardial fibrosis
and disarray in HCM usually decreases excitation propaga-
tion, leading to a conduction delay or block, a substrate of
re-entrant arthythmias. SAECG can noninvasively evaluate a
delayed potential as a substrate of ventricular arrhythmias in
several diseases, although a previous study suggested that
SAECG was not always useful for identifying HCM patients
with VT or SCD.? Positive LP was found in only 24% of the
present patients who underwent SAECG recording (Table 1),
so LP had a higher specificity but a lower sensitivity for com-
posite cardiac events in this study. The electrophysiological
consequence of this substrate has been well demonstrated by
Schumacher et al.?® LV regional extensive hypertrophy and
myocardial scarring are associated with local conduction delay
and conduction block, which may contribute to the increased
incidence of VI/VF in patients with HCM.

A prolonged QRS duration on 12-lead ECG is associated
with an increased risk of cardiovascular death by HF and car-
diomyopathy, including in HCM.?6 Kamiyama et al reported
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that QRS duration on the 12-lead ECG was much longer in
patients with dilated HCM compared with patients with dilated
cardiomyopathy.?” Kawara et al reported the correlation of
conduction delay with a fibrotic tissue pattern in chronic diseased
myocardium, including HCM, particularly in areas of patchy
fibrosis.2® In this study, QRS duration on standard 12-lead
ECG was associated with lethal arrthythmic events only in the
univariate analysis (Table 3); however, the severity of fibrosis
in the tissue samples was weakly associated with a longer
delayed potential (LAS40) (Figure S2). These findings sug-
gest that the increased fibrosis in HCM associated with longer
QRS duration and positive LP represented by prolonged delayed
potential detected by SAECG indicates an abnormal conduc-
tion delay and may contribute at least in part to the increased
incidence of lethal ventricular arrhythmias or SCD.

Prognositic Effect of Tissue Fibresis and Its Potential
for Risk Stratification
Sudden unexpected death is a well-recognized and devastating
consequence of HCM. A previous cohort study?” demonstrated
that an appropriate ICD shock was delivered at a rate of 5.6%/
year in HCM patients (n=506, mean age 42+17) during 3.7+3-
year follow-up. It is of note that patients treated with ICD
primarily for prevention also showed a substantial appropriate
intervention rate (reported to be 4%f/year). Thus, identifying
patients with HCM who are at highest risk of SCD is a major
problem. The conventional risk factors for the primary preven-
tion of SCD in HCM are family history of SCD, unexplained
syncope, multiple-repetitive nonsustained VT, abnormal exer-
cise blood pressure response, or massive LV hypertrophy.!
However, no significant difference was observed among
patients with 1, 2, or 23 of these parameters with respect to the
likelihood of appropriate ICD discharge.? Therefore, this risk
stratification cannot always guide SCD prevention in precise
terms for each HCM patient, and SCD is also known to occur
in patients without any of the aforementioned risk factors.
Myocardial fibrosis measured by LGE-CMR was recently
used as an independent predictor of adverse outcome in HCM
patients.>* However, LGE-CMR imaging mainly detects focal
fibrosis and does not detect microscopic diffuse fibrosis. In con-
trast, CMR-T1 mapping may quantify diffuse as well as focal
fibrosis.3 Histopathological features related to unstable elec-
trophysiological substrate may lead to lethal ventricular tachyar-
rhythmias and SCD.3! In this study, we directly quantified the
fibrotic changes in tissue samples and assessed its relevance to
the long-term prognosis in HCM patients. These pathophysi-
ologic changes may represent both micro-level and global fibro-
sis in HCM. Thus, increased fibrosis in the tissue samples of
RV biopsy, as well as positive SAECG, QRS duration, and
lower LVEF, can lead to VI/VF.

Study Limitations

Although this was a single-center, retrospective study, all patients
that were enrolled underwent a biopsy of the RV septum after
being admitted to the hospital. RV biopsy was not routinely
performed in HCM patients, but might be recommended in
HCM patients with increasing LV diameter and reducing LV
contractions, which are likely related to increased fibrotic
change.3! This cohort was slightly biased and had a poorer
prognosis than general, asymptomatic HCM patients. As such,
it remains unclear whether these findings are applicable to
asymptomatic HCM patients. Second, no genetic testing data
were obtained in this study, and genetic disorders may affect
the prognosis. Third, the endomyocardial biopsy was performed
from the RV septum, but not the LV, and does not represent

the entire heart; thus, only a limited number of samples could
be evaluated. As such, there is a possibility that the results
underestimated the overall fibrosis. Despite these limitations,
this study demonstrated the clinical significance of tissue fibro-
sis and the physiological parameters for patients with HCM
who are at risk of adverse cardiac events.

Conclusions

Fibrotic changes observed in tissue samples from RV biopsies
play an important role in the development of lethal ventricular
arrhythmias in HCM patients with impaired systolic function.
‘When combined with the LV systolic function, the extent of
tissue fibrosis may assist in the risk stratification of HCM
patients.
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Suppiementary Files

Supplementary File 1
Methods )
Table S1. Grade of myocardial disarray
Figure S1. (A,B) Representative biopsy samples from a single patient

used to calculate the blue (fibrosis) area, in which the fibrosis (%area)
was calculated by simply circling all tissue areas and then automati-
cally calculating the ratio of blue in the total area.

Figure S2. Relationship between tissue fibrosis (%-area) from a right

ventricular biopsy and duration of low amplitude signal <40uV
(LAS40, ms) by signal-averaged ECG (SAECG) in patients with hyper-
trophic cardiomyopathy.

- Figure S3. (A) Relationship between CMR-LGE %LV mass and tissue

fibrosis by myocardial biopsy. (B) Sub-analysis of the relationship
by degree of tissue fibrosis; mild (<10%), moderate (10-20%) and
severe (>20%).

Please find supplementary file(s);
http://dx.doi.org/10.1253/circj.CJ-15-0104
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Impaired respiratory function in MELAS-induced pluripotent stem
cells with high heteroplasmy level

NEESE L BEREN L Bl Rl ° BEE-
'BERBRFEFTERGAR, P RFIRTFREE. CEMEE s —

Mitochondrial diseases are heterogeneous disorders, caused by mitochondrial dysfunction.
Mitochondria are not regulated solely by nuclear genomic DNA but by mitochondrial DNA. It is
difficult to develop effective therapy for mitochondrial disease because of lack of mitochondrial
disease models. Mitochondrial myopathy, encephalomypathy, lactic acidosis, and stroke-like
episodes (MELAS) is one of the major mitochondrial diseases. The aim of this study is to generate
MELAS-specific induced pluripotent stem cells (iPSCs) and demonstrate that MELAS-iPSCs can
be mitochondrial disease models. We successfully established iPSCs from the primary MELAS-
fibroblasts carrying 77.7% of m.3243A>G hetroplasmy. MELAS-iPSC lines ranged from 3.6%
to 99.4% of m.3243A>G heteroplasmy levels. The enzymatic activities of mitochondrial
respiratory complexes indicated that MELAS-iPSC-derived fibroblasts with high heteroplasmy
level showed the deficiency of complex I activity but MEL AS-iPSC-derived fibroblasts with low
heteroplasmy level showed normal complex I activity. Our data indicate that MELAS-iPSCs can
be model for MELAS but we should carefully select MELAS-iPSCs in heteroplasmy levels and
respiratory functions for mitochondrial disease modeling.
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1.9%) . ERELLAGE (2 6], 1.3%). FaaAf F—R (2461, 1.3%), Fabry 7 (2 . 1.3%), FERFRAIET
R (151 6, 94.4%), EMRATHEORERZE—EFTIZ D B (79.0%) ., HEE (29.0%) . CH# (0%) Tho7, [&
2] JERELLEVE OBENCR T 20 AR OF REITEREICEY, —J, IEXRELLGE & 5 5 fEFTIX
DFAERBRFCHE R T D FREMESTR I N,

FFRITEAFEHE [RREDHEICET 2RENE] TR 2N LE LTERB L LD TH S,

204



DHFILaAL F=YRBEIETS
P acnes BET/ Y 0—F LG EOBE=EICET 58 H

BIEW, R, Fosd g 880, ARBERT, KHE, mEEE
METT, Ffie—ac, REREAS, B, FIREE", FERES, REBS, REEM.
TEEES, wFmt

kﬁ@@tﬁ%&%ﬁﬁx’%ﬁ@iﬁ@ﬁ@&’&ﬁ%ﬁ%ﬁkyﬁwﬁﬁﬁmﬁx‘@ﬁﬁﬁ%ﬁ%w?
—RER, CRETLFERERENH, (Bl e A LERESAH, TRRUECER CERREN
., CEBERERERENE, CEHERERREAMRRESFHRERERER

[BE] DFrad Rk, $bad PV RBEOFPRYERTLESLFETHY, RFaA R
BEEEHLLERFHERETIED, BoLSBERLOENERMIITI T ESEETHLS. HE, P
acnes ~ORE, RERRRP L, P~V A0ERL LTEBEATWS, R CRSi - Sk
FRNT, Dl R R b2 OMOOEBITET S P acnes BENTE / # o —F/L (PUB) Filo B
e L,

[ris] $SEE1 200048 1 A~2014 48 4 B 2 TORIC, 2FESMERIIBhTSHE R0k
R L, O bmd PR (0=11:08 groun) . DB (0=8:M group) . T O OEEE (n=00;0M
group) BREE L L, PRI X 2 ladfTok,

[HE] €S growp THEFEMIZEIT, TLO4OEFT PAB FEOBEFLFEGHE, JETREED
EEEW group & €8 group CTHRIETH M BT 5% ve. 001, P=L.00), PARHUEOBIESEIIN srowp ks
1T, CS growp THEENBETH o708 vs. T08, P=0.01), Bi{brs, LEMITETS PR RGOS
R IBETER bk,

] Dohaod P2 BEioB T, PAB Sk BuWe B G o, JERpGEmsFE, SEalk
BEZEDLSHECEOTHRSBIEEL Y, BB L 25 TEERLD,

AEREESEY HEELMEREIET o EETE TR SEIFRL LTEELELDTRES,

205



D@ MRI ROV ivaa F— RBEBMICE T 5F MK

BIAES, IWABIT, FHETF BARE, WEERA, mIUEE, B, BB, FLE

AARFEFHNHERBRBAPES I

(B8] DY V=24 =2 X GHE) ITETHEO ZREDFHFEDOO L 2 TH Y, BHIEOBBELEICRDS
LFEEZRIBEBONZEBETIE, TTREELMLTVWAZEMFEEALETHY., ZTOBEADFRITKRER
BThHD, BxIMEEEELZETHLHECONT, TORMBHICRIT S OMR OREFRAAEAEEZRE L
pras

[FiE] BERET vy 7 ORRBKREOD OR ZHEITLEMZRIRE L, OR ICE 25 LHEORHZ
e, FOBBICE S BHBREOBRENDREZFIME ICHEE L,

[RER] BIZEHRTH 5 2009 25 2013 FEOMBRGENT 1487 ER Thotz, ZDI bRERET 1y
DFRRIR % BENZHEAT LI SREESN 66 B Th V| BIEERBMEESIE 13 41 (20%) . CMR IZ X v .4y
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